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SUMMARY 
Simulated tests of the  effects of meteoroid impact on liquid- 
filled spacecraf t  t a n k s  were made by shooting prolecti les from a 
l ight-gas  gun into a titanium window on a pressurized water-fi l led 
tank .  Al'uminum balls l/8'* and 3/16" diameter were used  as  pro- 
fectiles at i m p a c t  ve loc i t ies  of about 22,000 ft/sec. Tank pressure 
w a s  ad jus ted  and  window dimensions were chosen  to simulate  the  
biaxial stress in the  actual tank wa l l s .  
an iests were made of the ef fec t iveness  of a sh ie ld  ix protecting 
t h e  tank from i m p a c t  damage. The shield cons i s t ed  of aluminum 
Hexcel l  honeycomb material cemented between s h e e t s  of aluminum. 
Impacts were made at ang le s  of g o " ,  6 S 0 ,  4 S 0 ,  30°,  and 20" to the  
surface of t he  sh i e ld .  Shields  were spaced 3/8" and  2 "  f rom the  tank 
surface. 
The sh ie lds  were found to be effective in shat ter ing the projec- 
tile and  scat ter ing impac t  debris over a wide a rea  on the  tank sk in ,  
particularly with 2"  spacing between sh ie ld  and tank ,  
The t i tanium tank wa l l s  were  tensi le  tested to determine weak- 
ening caused  by impac t  debris  in cases where penetration did not 
occur. It w a s  f w n d  that  widely dispersed impact debris  did not 
s ignif icant ly  affect the  tank strength. Concentrated debr i s  caus ing  
obvious damage weakened the  material 
Test data and  photographs of damaged shields , t ank  s e c t i o n s ,  
and  test specimens a r e  included. 
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1 ,  INTRODUCTION 
This report desc r ibes  a test program conducted at Utah Research 
and Development Company t o  determine thc  effect ivenes s of aluminum 
honeycomb shielding i n  protecting pressurized liquid-filled tanks  from 
meteoroid-impact damage. Two major problcms were of prime concern 
i n  th i s  program: 
1 ,  To determine the  e f fcc t iveness  of the  sh ie lds  in  breaking 
up and stopping meteoroids iiiipazting ht v a r i m s  a n g l e s ,  
and to determine the  pattern of fragments and spray 
particles which penetrate t h e  sh i e lds  and c a u s e  tank 
damage ., 
2. T o  determine the  ex ten t  and se r iousness  of damage caused  
to the  tank by projecti le fragments and spa11 from the  shielding., 
Two types of damage were invest igated in  connection with t h e s e  problems: 
1. Failure of the  tank which occurred immediately at the  t i m e  of 
i m p a c t  and w a s  caused  by particles penetrating t h e  tank. 
2.  Possible  weakening of the t ank  by particlcs which did not 
penetrate  and did not cause immediately, disruption of the  
v e s s e l ,  
The ex ten t  of thc damage done by a spray of nonpcnctrating 
particles was  a s s e s s e d  by cutting the tank wal l  into narrow str ips  
and  pulling the  s t r ips  to failure in  a testing machine. 
compared with those from undarnaqed s t r ips  
Resul t s  were 
A secondary objective of the  t e s t  program was  to measure the  
magnitude of the  pressure pulse  in the  tank wall  in  the  vicinity of the  
impact ,  and to compare t h i s  prcssure pulse  in cases where penetration 
occurred and when t h e  tank was merely sprayed with fragments., 
This report descr ibes  the t e s t s  performed and t k  r e s u l t s  obtained, 
The simulation of t h e  ac tua l  spacecraft  tank is d i scussed ,  
-2  - 
2, TEST PROGRAM 
I 
The program oonsisted of shooting high-velocity projecti les from 
a light-gas gun at simulated tanks  and shields .  The projecti les u sed  
were l/S" and 3/16" diameter aluminum balls at velocities of 20,000 
to 24,000 fk/sec, The tank was fabricated from a 55 gallon steel drum 
with a n  8" x 12" window. The window w a s  covered with a titanium 
6 Al -4V sheet*,  0.056" thick and the tank p r e s s u r i z e  with water. 
The honeycomb shielding with constructed of Hexcel l  
l/4i' -Us running normal to the surface. Cel l  material was 5052 
aluminum 0.001" thick.  The Hexcell  core material w a s  g y e d  on two 
s i d e s  with .016" thick 7076T6 aluminum., Epoxy cement was used  
as the bonding agent.  A drawing of the  tank and shield is shown in  
Figure 1, and photographs in Figure 2. 
1" thick with 
Five angles were selected to t e s t  the  effect iveness  of the  shleld- 
ing# 200, 30'8 4s0# 65' and 90'. F O U ~  s h o t s  were ma& at e a c h  angle ,  
one of which was without any  shielding in front of the titanium window 
in order to canpare penetretim of the  tank under both conditions. At  
leart one shaL at each angle w a s  made with a l/8" aluminum sphere. 
All  other s h o t s  were made with a 3/16" aluminum projectile. The 
Hexcel l  sh ie ld  w a s  spaced 3/8" or 2" from the  window surface,  
Pressure pulses in the titanium sk in  were manit& by s t ra in  
gages mwnted an the outside surface of the  window. Since s t ra in  In 
the metal was thcught to be t h e  best indicator of pulse  amplitudes 
which might be damaging, t h i s  type of measurement was chosen  in 
preference to others  possible.  Strain on the steel tank opposite the 
window was also measured. Figure 3 shows the  circuit  and method of 
mrwlrzti-~ G 
* Titanium shee t  from Titanium Metals Corporation of America, 
233 Broadway, New York 7, New York. Ti-6N-4V8 0,056" x 36" 
x 96" shee ts .  Heat €4-7367: Test X-1654, Test L, Yield 137,500,  
Tensile 146,000,  Elong. 14.0, Bend 4 0 0 ,  Test T,  Yield 137,000,  
Tensi le  143,400,  Elong, 13.5, Bend 4,O; Heat D-1457: Test C- 
5006, Test L, Yield 143,000, Tensile 149,700,  Elong. 15.0, 
Bend 4 ,5 ,  Test T, Yield 145,400, Tens i l e  148,500,  Elong, 16 ,0 ,  
Bend 4,s: Heat C-6693, Tes t  C-6693, Test L, Yield 130,900 
Tensi le  141,100,  Elong. 12,0, Bend 410, Test T, Yield 139 ,000 ,  
Tensile 145 ,600 ,  Elong, 13,5, Bend 4.0. 
** Hexcel l  Products I Inc. , Inglewood, California 
*** Fuller's Resiweld Epoxy, Adhesive #R7002D Part A ,  Hardener 
#R7002D Part Bo One part A to one part B, 
-3 - 
!-. 
Vacuum Tank Wall 
*8#8urized, 
Water-Filled 
Tank 
Impact Angles -7pj5. Obtained By 
4-90. - Rotating Tank Po 
Projectile 
Path 
J \L Hexcell Shield 
Flange Holding 
Titanium Window 
t 
Light-Gas 
Gun Range 
Figure 1 
Schematic Diagram Showing Arrangement of Simulated 
Spacecraft Tank and Impact Shield 
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Figure 2 .  
Pressurized, Liquid-Filled Tank 
Showing Titanium Window 
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An adequate  number of successfu l  strain gage readiricjs w a s  not 
obtained t o  plot curvcs  showing the  decay  of the pressure pulse  wi th  
d i s t ance  away from the  impact. 
than one reading on any  one shot  duc to ei ther  failure to obtain impact 
da ta  or fa i lure  of t he  s t ra in  gage  to function properly, A tracing of t h e  
oscillogram from a properly functioning gagc is also shown i n  Figure 3 ,  
We did not succeed in get t ing more 
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The ac tua l  s!ldccocrclft tdnkr, 1)cinq simuldtod arc  4 '  clidmctcr 
cyl inders  with a wal l  of 6A1-4V tittiiiiuiii U 056" tliicl:. Thr tdnks 
a re  prcssurizcd to 180 p s i ,  
in t h i s  tank a re  given by thc  following formuldc: 
I'hc hoop s t r e s s  a i d  lonqitudindl s t r e s s  
H o o p  S t ress  P n  - -  'h - t 
where P is internal prcssurc ,  R is cylinclcr rad ius ,  and t 1s wall t h c k n c s s ,  
Because of t h c  cxpciisc of testing fu l l - s izc  t anks ,  t l r  t c s t s  wcrc 
t o  be conductcd on sniall h i ~ i d o w s  on i i  picG;oirrized tank To obtain t11e 
same biaxial  s t r e s s  on thc  window a s  on the ful l -scale  tank ,  a rcctdngular 
window can  bc chosen  
ca lcu la ted  using the following formulae front Hoark 
and Strdin, 
The ~ i c c c s s d r y  dirncrisions and prcssurc wcrc 
Formulas for SLICSS 
-- 
Sb and S 
a and  w i i t h  h ,  The cdgcs a r e  fixed. u is the  ra t io  b/a, 
a r e  the s t r e s s e s  a t  the center of a thin plate  having length 
Sb = 2Sa 
2 x 0.054ub2 (1+2 2 - a  '1 or 0 , 7 5 u , b  = __ 2 
2 
t2(3+4 4, t 
Solving for Q : 
4 6 s 0 ,426  = 0 . 6 4 8 ~ ~  + 0,108 a + . , U G 4  Q - .432 (3 
A value  of CY = 0,667 sa t i s f i e s  t h i s  equat ion approximatcly dnd is 
convenient  for t he  tank size used since a 1 2 "  window w a s  d o s i r c d ,  
This  g i v e s  window dimcnsions 8" x 12" ,  U1;ing th i s  value for ( f ,  
and  the ac tua l  titanium window ttiickncss of 0,056",  equat ions ( 3 )  
and (4) g i v e ,  
-8- 
S, = 1865 (u 
Thi s ,  s b  is approximately 2 S 
(1) and (2) c a n  be used  with (3 and (4 )  or (5) and (6) t o  find the requircd 
pressure  (I) to s imulate  the  stress i n  the ac tua l  tank,  We des i re  s b  = 
s h  and Sa = SL where P = 180 ps i ,  R = 24" and t = 0.056",  
as  W ~ S  desired.  With Q known, equat ions 
( I )  = 106 P = 1 9 , l  p s i  
also s, = SL 
(1) = . 1 1 5 P  = 20,7 p s i  
These  two prcssure vdlues  are close eriouqh to justify the  u s e  of the 
approximate value of u = 2/3, 
We note here  that  an error w a s  niadc i n  the le t ter  report datcd 
1 November 1964 under th i s  coiltract 111 calculat ing the  vdlue of (I) to be 
uses, A vdiue ui(,, - zc 
with th i s  pressure,  According to the formulae, t h i s  s imulates  a hoop 
stress Sh corresponding to a pressure of 4 7 1  ps i  i n  t h e  actual tank and 
a longitudinal stress SL correspondlng to a prcssure  of 436 psi .  This 
gives va lues  of s h  = Sb = 202,000 ps i  and  SL = Sa = 93,500 p s i ,  This 
higher  value is above  the  yield s t ress  of the  material ,  Actually the 
window bulged when pressurized and the  s t r e s s  w a s  reduced from thdt  
ca lcu la ted .  The ac tua l  s t r e s s  achieved in t h e  tests is not well known, 
except that  it w a s  undoubtedly close to the yield stress of the material  
and  was somewhat higher than i n  the  ac tua l  t anks ,  
-.--- V V U J  U U I U u r u c c  -. .1-*>1 b + n J  u ,  ; 1 w l  311 chn t s  wprc made 
I 
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4 .  TEST RESULTS 
In t h i s  s ec t ion ,  e a c h  t e s t  sho t  wil l  be d iscussed  and all t he  
conditions pertinent t o  the investigation given.  The r e su l t s  are 
summarized i n  Table I .  Photographs of sh ie ld  and  titanium tank w a l l  
are included in  the  Appendix. 
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5 .  TENSILE TESTS 
In a n  attempt to determine any weakening of the  tank skin due t o  
impact damage,  s t r ips  of the  skin were cu t  from t h e  damaged region and 
t ens i l e  tested per FED. TEST METHOD STD, N O ,  151A0 
Figure 4 shows the  types  of failure that occurred in  the  samples  
subjected to the  t ens i l e  test. Table I1 g ives  all pertinent data  con- 
cerning the  t ens i l e  tests. Photographs of the  tensile t e s t  specimens 
are included in  t h e  Appendix. It should be noted tha t  all of the  control 
samples ,  1 through 6 ,  displayed a c ia s s i ca i  ia i iure  and  that  consideiable  
damage w a s  necessary  to upse t  th i s  type of failure in  the  test samples .  
-1 5- 
Undamaged Slight damage 
iri  ~ e i i i t x  
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entire area 
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Figure 4 .  
Typical Breaks i n  Tensile Test Specimens of Titanium 
Window Material 
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6. DISCUSSION OF DATA 
It is evident  from the  tests, that t he  Hcxcel l  shielding affords 
considerable  protection to the  spacecraft  t ank .  In a n  unshielded impact ,  
the projecti le penetrated the tank at each  angle  and the damage was 
about the same a t  e a c h  veloci ty  over the narrow range used ,  
N o  disrupt ive fracturing of the  tank w a s  observed even  though the  
pressure pulses  were high enough to  cause seve re  outward bulging around 
the point of impact and  the  s t r e s s  level in the material  w a s  c l o s e  to the  
yield point, particularly at the center of the  tank window. In o m  s h o t ,  
which w a s  not included a s  a data shot ,  the  window w a s  hit  a t  90" with 
projecti le,  four p ieces  of sabo t  and the shea r  d i s c .  The pressure pulse  
w a s  so severe  tha t  the  window w a s  bulged out t o  the  restraining f langes 
and w a s  c l o s e  to being sheared out by the  f lange  at one  point.  St i l l ,  no 
cracking or ev idence  of disruptive failure occurred. 
The e f fec t iveness  of honeycomb shielding material  to protect aga ins t  
meteoroids is still somewhat inconclusive.  It appears  that  t he  spacing 
between the  honeycomb material and the t i tanium sk in  is of s ignif icance 
In every ins tance  where the shielding w a s  spaced 3/8" from the  t i tanium, 
cons iderable  damage w a s  noted. In some ins t ances  particles were s t i l l  
of suff ic ient  s i z e ,  were traveling fast  enough,  and  were  grouped close 
enough together to penetrate the vessel. In e a c h  ins tance  where a 2 "  
spac ing  w a s  u s e d ,  t h e  projecti le was broken up and  d ispersed  at such  a n  
ang le  as to prevent concentrated daniagc and  ac tua l  penetration of t h e  
t i tanium. Some cratering w a s  observed but t h i s  could not be considered 
s ignif icant  i n  contributing to the  failure of the  sec t ions  t e s t e d .  
appear  tha t  further s tud ie s  involving ef fec t iveness  of spacing is warranted. 
I t  would 
" - A -  -*-  ----A**-+-d nn clamagpd sec t ions  S e e m  to indicate  rne i er i s~ t i  L G ~ L S  ~ u ~ ~ ~ ~ ~ ~ ~ -  -.. ------ -. 
t h a t  near penetration of t h e  titanium is necessa ry  before c r i t i ca l  failure 
points  of the  t i tanium a r e  reached.  N o t  enough samples  having only one  
or t w o  cra te rs  were obtained during th i s  program to make conclusive 
s t a t emen t s  a s  to probability of failure d u e  to the  presence  of t h e s e  
isolated c ra t e r s .  A l l  c ra te rs  studied were in such  numbers and grouped 
so c l o s e l y  together tha t  only the  largest  ones  could be measured. 
It appears  that the angle  of i m p a c t  h a s  considerable  effect upon 
t h e  condition of the  projecti le as it emerges from the  shielding.  The 
projectile w a s  m o s t  broken and  damage to the  tank least where i m p a c t  
w a s  made at the  small angles .  
-18- 
The s t ra in  gages provide a sui table  measure of relat ive pressure-  
pulse  amplitudes i n  the  tank skin and can poss ib ly  be cal ibrated for 
absolu te  measurements. The t i m e  avai lable  on  the  cont rac t  expired 
before s t ra in  gage da ta  could be obtained from multiple s ta t ions  o n  a 
s ingle  target .  
-19- 
APPENDIX 
I 
Photographs of Mexcell shield and titanium tank wal l  showing 
damage, and photographs of t ens i l e  test specimens af ter  t e s t ing .  In  
some cases, the  aluminum faces of the shield were blown off. I n  t h e s e  
cases, photographs of the Hexcel l  core a re  shown. See Tables  I and I1 
for test d a t a .  
t 
-20- 
Shot Numbers 6 3 ,  56,  60 and 6 1  
h P  T- 
Shot Numbers  27, 51, 50 and 35 
Shot Numbers 48, 42, 4 7  and 46 
Shot Numbers 52, 26, 15 ,  41, 45, 34 and 40 
--- e 
c.. 
a & b T e n s i l e  S p e c i m e n s  f rom Shot 
N u m b e r s  60, 6 1 ,  6 2 ,  63, 64 & 65 
c & d T a r g e t  S p e c i m e n s  from Shot 
N u m b e r s  6 2  and 64  
Tensile Specimens 
Controls Numbered 1, 2 ,  3 ,  4 ,  5 and 6 
Shot Numbers 35, 42, 46a, 46b, 4 7 ,  48 ,  51, 52 and 5 3  
